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MicroRNAs (miRNAs) are processed from primary
transcripts that contain partially self-complementary
foldbacks. As in animals, the core microprocessor
in plants is a Dicer protein, DICER-LIKE1 (DCL1). Pro-
cessing accuracy and strand selection is greatly
enhanced through the RNA binding protein
HYPONASTIC LEAVES 1 (HYL1) and the zinc finger
protein SERRATE (SE). We have combined a lucif-
erase-based genetic screen with whole-genome
sequencing for rapid identification of new regulators
of miRNA biogenesis and action. Among the first six
mutants analyzed were three alleles of C-TERMINAL
DOMAIN PHOSPHATASE-LIKE 1 (CPL1)/FIERY2
(FRY2). In the miRNA processing complex, SE func-
tions as a scaffold to mediate CPL1 interaction with
HYL1, which needs to be dephosphorylated for
optimal activity. In the absence of CPL1, HYL1
dephosphorylation and hence accurate processing
and strand selection from miRNA duplexes are
compromised. Our findings thus define a new regula-
tory step in plant miRNA biogenesis.
INTRODUCTION
MicroRNAs (miRNAs) are produced from a primary miRNA (pri-
miRNA) transcript that includes a partially paired foldback or
hairpin structure. In animals, cleavage by the endonuclease
Drosha in the nucleus releases the foldback, resulting in a
precursor miRNA (pre-miRNA). After export to the cytoplasm,
the Drosha homolog Dicer converts the pre-miRNA into the miR-
NA:miRNA* duplex (reviewed in Bartel, 2004). Both processing
steps are carried out in plants by a single nuclear enzyme,
DICER-LIKE 1 (DCL1) (Kurihara and Watanabe, 2004; Tang
et al., 2003). Also different from animals, there is substantial vari-
ation in the position of the miRNA:miRNA* duplex within the fold-
back, which is also much more variable in length. Accurate
excision of the miRNA:miRNA* duplexes from these heteroge-neous foldbacks and sorting of the active strand into different
effector complexes relies on interaction of DCL1 with the zinc
finger protein SERRATE (SE) and the RNA binding protein
HYPONASTIC LEAVES1 (HYL1, also known as DRB1). Together
with DCL1, SE, a homolog of animal ARS2, andHLY1, a homolog
of animal RDE-4 and R2D2, form the plant miRNA processing
complex, or microprocessor, which is located in nuclear dicing
or D bodies (Dong et al., 2008; Fang and Spector, 2007; Fujioka
et al., 2007; Kurihara et al., 2006; Song et al., 2007; Yang et al.,
2006, 2010). In addition to its direct role in miRNA processing,
SE links DCL1 and HYL1 to the cap binding complex,
a conserved requirement for miRNA processing (Gregory et al.,
2008; Gruber et al., 2009; Kim et al., 2008; Laubinger et al.,
2008; Sabin et al., 2009).
In animals, several factors that regulate the activity of the
microprocessor in an miRNA-specific manner have been identi-
fied (reviewed in Siomi and Siomi, 2010). The existence of similar
factors in plants can be inferred from the observation that pro-
cessing efficiency of some pri-miRNAs is tissue or environment
dependent (Laubinger et al., 2010; Nogueira et al., 2009; Reyes
and Chua, 2007). Similarly, null mutations of microprocessor
components do not have the same effect on all miRNAs and
differ in morphological and other phenotypes (Liu et al., 2012a;
Lobbes et al., 2006; Zhang et al., 2008).
Different genetic screens have been developed for the identi-
fication of additional components of the miRNA and siRNA path-
ways (Brodersen et al., 2008, 2012; Jauvion et al., 2010; Tagami
et al., 2009; Wang et al., 2011). Their success has lowered the
incentives for further screens because many new mutations
will be in known genes. Fortunately, whole-genome sequencing
methods now support the prompt, inexpensive, and simulta-
neous identification of many causal mutations (Schneeberger
et al., 2009). Thus, any effort expended on rediscovering known
genes will be small compared to the potential benefit of finding
new factors.
We introduce a new miRNA reporter assay for the rapid and
sensitive analysis of large numbers of mutagenized seedlings.
The first six mutants identified by one-step mapping and
sequencing correspond to new alleles of DCL1 and HYL1 and
three alleles of C-TERMINAL DOMAIN PHOSPHATASE-LIKE 1
(CPL1), or FIERY2 (FRY2) (Koiwa et al., 2002; Xiong et al.,Cell 151, 859–870, November 9, 2012 ª2012 Elsevier Inc. 859
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Figure 1. Identification of CPL1
(A) Bioluminescence of the silenced Pro35S:LUC
Pro35S:miR-LUC reporter line, a Pro35S:LUC posi-
tive control, cpl1 mutants, and cpl1 mutants
transformed with a genomic fragment of CPL1
(gCPL1). Scale in upper left indicates low (blue) to
high (red) LUC activity.
(B) SHOREmap output (Schneeberger et al., 2009)
on chromosome 4 for three EMS mutants.
(C) CPL1 protein and positions ofmutations. FCP1,
Fcp1-like phosphatase domain; DRBM, dsRNA
binding motif; NLS, nuclear localization signal. See
also Figure S1 and Table S1.2002). The loss of CPL1 has been reported to make plants overly
sensitive to the stress hormone abscisic acid (ABA), a trait that is
shared with dcl1, hyl1, se, and cap binding complex mutants
(Bezerra et al., 2004; Hugouvieux et al., 2001; Lu and Fedoroff,
2000; Zhang et al., 2008). In addition to the namesake Fcp1-
like phosphatase domain, CPL1 has two double-stranded RNA
binding motifs (DRBMs), whereas its close homolog CPL2 has
one DRBM. In vitro, CPL1 and CPL2 can dephosphorylate
a serine motif found in the C-terminal heptad repeat domain
(CTD) of RNA polymerase II (Koiwa et al., 2004). CPL1 and
CPL2 are partially redundant, and double mutants die as
embryos (Koiwa et al., 2002; Koiwa et al., 2004; Matsuda et al.,
2009; Ueda et al., 2008; Xiong et al., 2002). Here, we place
CPL1 in themicroprocessor complex and show that it is required
for HYL1 dephosphorylation, which in turn is essential for accu-
rate miRNA processing and strand selection.860 Cell 151, 859–870, November 9, 2012 ª2012 Elsevier Inc.RESULTS
Identification of miRNA-Related
Factors by Fast-Forward Genetics
To efficiently identify new factors
required for activity of the miRNA
pathway, we developed a robust reporter
system. Firefly luciferase (LUC) was first
expressed from the constitutive cauli-
flower mosaic virus 35S promoter and
then silenced with a ubiquitously ex-
pressed artificial miRNA (miR-LUC), de-
signed to avoid targeting of endogenous
genes (Schwab et al., 2006) (Figure 1A
and Figure S1A available online). Plants
expressing LUC and miR-LUC from the
same transgene were extensively char-
acterized to ensure that silencing was
due to the miR-LUC. We examined LUC
mRNA expression and miR-LUC accu-
mulation in lines that were homozygous
for a single transgene insertion (Figures
S1B–S1D). Specific miRNA-mediated
luciferase mRNA cleavage was con-
firmed by 50 RACE (Figure S1E). Based
on these results, we selected line 2,
which had minimal luciferase expressionwith a moderate level of miR-LUC. To confirm that silencing
was not due to siRNA-dependent silencing, we crossed this
line to hyl1-2 mutants, in which miRNA activity is compromised,
and to rdr6-12 mutants, which do not produce secondary
siRNAs. Additionally, transgenic plants coexpressing a
miRNA-resistant version of LUC (rLUC) and miR-LUC were
examined.
Luminescence was recovered after crossing the reporter to
hyl1-2 and by mutating the miRNA-complementary motif in
rLUC plants (Figures S1F–S1H). As expected, miR-LUC accu-
mulation was reduced, and LUC expression was increased in
hyl1-2. Similarly, the rLUC plants had normal levels of miR-
LUC but high luciferase mRNA levels (Figure S1I). Together,
these observations confirmed both the specificity of the system
and provided a proof of concept that the desired type of muta-
tions could be identified with our reporter assay.
After ethyl methanesulfonate (EMS) mutagenesis of seeds
and selfing of treated plants, 5-day-old M2 seedlings were
screened en masse for increased luminescence. In approxi-
mately 500,000 M2 individuals, derived from about 250 pools
of 40 M1 plants each, we found over 60 seedlings with
increased LUC activity, at least 30 of which luminesced much
more strongly than the controls. Although the LUC assay is
very efficient, we may not have recovered strongly growth-
retarded mutants, which would not produce sufficient LUC
signal. This may explain the relatively low rate of potential
mutants found.
For further analysis, we focused on six lines that had gained
particularly strong luminescence. Mutants were crossed to
nontransgenic plants from the Ler-1 accession and plants
with strong luminescence were selected in the F2 generation
for mapping. These plants must have contained at least one
copy of the transgene and been homozygous for any recessive
mutation that suppressed LUC silencing. The genomes of
pools of between 150 and 200 plants were sequenced to at
least 20-fold coverage on the Illumina platform. Single genomic
regions without Ler-1-derived polymorphisms were identified
in each cross, and new mutations were called in the final
mapping intervals (Schneeberger et al., 2009). Two of the
mutations turned out to map to DCL1, and both had EMS-
typical lesions. The two new alleles are now called dcl1-25
and dcl1-26. A third line had a mutation in HYL1 and was
named hyl1-3 (Figure S1J). The identification of new dcl1
and hyl1 alleles validated the functionality of our reporter
system.
The causal locus in the three other lines was mapped to the
same small region on chromosome 4 (Figure 1B). The only
gene in which all three had newly induced mutations was
CPL1/FRY2 (At4g21670), which encodes a protein with two
DRBMs and a phosphatase domain. This gene has been identi-
fied before in mutant screens based on inappropriate activation
of a stress-responsive reporter (Koiwa et al., 2002; Xiong et al.,
2002) (Figure 1C). To exclude that suppression of luciferase
silencing was due to altered expression of transgene-derived
transcripts, we measured expression of the transgene-encoded
Basta resistance marker, expressed from the NOS promoter. No
significant effect of the cpl1mutationwas observed (Figure S1K).
We also introgressed mCherry, which was expressed under
control of the same promoter as miR-LUC and luciferase, the
35S promoter, into the parental and mutant lines. Again, no
difference was observed (Figure S1K).
To confirm that the three mutants were allelic to CPL1/FRY2,
we first crossed our reporter to T-DNA insertion lines cpl1-8
(GABI_165H09) and cpl1-9 (GABI_849A10). Both showed the
same activation of the silenced LUC reporter as the EMS
mutants (Figure 1A). Conversely, transformation of a CPL1/
FRY2 genomic fragment into each of our three mutant reporter
lines reestablished silencing of the reporter (Figure 1A). We
conclude that mutations in CPL1/FRY2 are responsible for
increased LUC activity in the three EMS mutants. Two of the
new alleles, cpl1-5 and cpl1-6, had premature stop codons,
whereas cpl1-7 had a missense mutation affecting the phos-
phatase domain. We focused our subsequent analysis on
cpl1-6 and cpl1-7.Requirement of CPL1 for Accurate miRNA Processing
and Strand Selection
To investigate whether cpl1 mutations had a general effect on
miRNA-mediated silencing, we first assayed two well-character-
ized miRNA targets, SPL3 and TCP4. Both mRNAs accumulated
to higher levels in cpl1 mutants than in wild-type (Figure 2A),
consistent with compromised miRNA-dependent mRNA cleav-
age and degradation. We subsequently used RNA sequencing
(RNA-seq) to confirm more broadly that mutations in CPL1 and
its close homolog CPL2 (Koiwa et al., 2004) have similar effects
on miRNA target expression as se and hyl1 mutations (see
below).
RNA blots did not indicate that the amounts of miRNAs were
substantially altered (Figure 2B). Because factors such as SE
and HYL1 affect the precision of miRNA (Dong et al., 2008; Kur-
ihara et al., 2006; Yang et al., 2006), we quantified accumulation
of exact miRNA sequences by using reverse transcription fol-
lowed by quantitative PCR (qRT-PCR). We found that several
miRNAs were decreased by 3- to 9-fold. The strongest reduction
was seen in cpl1-7, although even cpl1-7 was less strongly
affected than se or hyl1mutants (Figure 2C). Next, we compared
on a whole-genome level small RNAs from wild-type plants and
cpl1, hyl1, and se mutants. Mapping of small RNAs to known
MIRNA loci revealed that several miRNAs were misprocessed
in cpl1 mutants, even where the absolute miRNA amount was
similar to that of wild-type (Figures 2D and 2E and Figure S2A).
Although there was no evidence for aberrant siRNA expression
patterns, we detected fewer ta-siRNAs, which are dependent
on miRNA as triggers, in the mutants (Figure S2B). There were
also no reads that mapped to the LUC transgene, confirming
the miRNA dependency of LUC silencing. From several MIRNA
loci, cpl1 mutants accumulated more miRNA*s than wild-type.
Inaccurate processing and aberrant strand accumulation are
features shared with hyl1-2 mutants, suggesting a link in
between CPL1 and HYL1 (Eamens et al., 2009). Clustering
data sets by genome-wide coverage profiles of small RNAs
within 20 bases of either side of mature miRNAs confirmed
that the profiles of cpl1 mutants were more similar to those of
hyl1 than to those of wild-type (Figure S2C). However, in contrast
to hyl1 and se, levels of unprocessed pri-miRNA transcripts were
not increased in cpl1 mutants (Figure 2G).
Interaction of CPL1, SE, and HYL1 in the miRNA
Processing Complex
To determine where CPL1 acts to affect miRNA processing and
sorting, we made use of a GFP fusion. Expression of this fusion
under endogenous regulatory sequences complemented cpl1-7
mutants (Figure S3A) and CPL1-GFP accumulated in nuclear
bodies (Figure 3A). Because of the possible link between CPL1
and HYL1, we compared the subcellular localization of CPL1,
HYL1, SE, andDCL1 by using transient expression of fluorescent
protein-tagged fusion proteins in Nicotiana benthamiana leaves.
Confocal microscopy revealed that CPL1 colocalizes with DCL1,
HYL1, and SE. In some nuclei, all four proteins were detected in
nuclear bodies, known sites of DCL1, HYL1, and SE accumula-
tion (Figure 3B) (Fang and Spector, 2007; Fujioka et al., 2007;
Song et al., 2007). In other nuclei, the proteins were distributed
more evenly (Figures S3B and S3C).Cell 151, 859–870, November 9, 2012 ª2012 Elsevier Inc. 861
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Figure 2. Requirement of CPL1 for Accurate
miRNA Processing and Strand Sorting
(A) Expression of miRNA targets SPL3 and TCP4 in
wild-type (Col-0) and mutant plants as measured
by qRT-PCR. Error bars indicate 2 3 SEM.
(B) RNA blots for detection of miRNAs, with U6 as
loading control. Signal intensity was calculated
with ImageJ and normalized to U6. Relative
expression is given with Col-0 wild-type as
reference.
(C) Expression of accurately processed miRNAs,
as measured by qRT-PCR. Error bars indicate 23
SEM.
(D) Misprocessed reads at all highly expressed
MIRNA loci. Black bars indicate medians.
(E) Normalized coverage of small RNA reads at
MIR171B locus. MiRNA* is indicated by an
asterisk.
(F) RNA blots for detection of miR160 and
miR160*. Numbers above indicate miRNA/miRNA*
ratios.
(G) Expression of pri-miRNAs, as measured by
qRT-PCR.
See also Figure S2 and Table S2.Coimmunoprecipitation (co-IP) and bimolecular fluorescence
complementation (BiFC) confirmed that HYL1, SE, and CPL1
form a complex (Figures 3C and 3D). In a yeast two-hybrid assay,
SE could interact with CPL1; this was similar to the interaction of862 Cell 151, 859–870, November 9, 2012 ª2012 Elsevier Inc.SE with HYL1 (Lobbes et al., 2006).
However, no interaction was observed
between CPL1 and HYL1, suggesting
that interaction of the two in the plant
nucleus is indirect or that SE stabilizes
the interaction (Figure 4A and Figure S4).
Such a scenario was supported by the
positive results of a yeast three-hybrid
assay, in which SE can serve as a bridge
for the CPL1 and HYL1 bait and prey
proteins (Figure 4B). We conclude that
SE acts as a platform for a transient inter-
action between CPL1 and HYL1, often in
nuclear bodies, the location of the plant
microprocessor.
Dephosphorylation of HYL1
by CPL1
In addition to a nuclear localization signal
and two DRBMs, CPL1 has a domain that
is shared with yeast and human Fcp1
phosphatases (Koiwa et al., 2002).
In vitro, this domain can dephosphorylate
the serine-containing C-terminal heptad
repeat domain (CTD) of RNA polymerase
II (Koiwa et al., 2004), and a potential
link to transcription may be inferred from
the reduced accumulation of some pri-
miRNAs in cpl1 mutants (Figure 2G). The
interaction with SE and HYL1, however,suggested as an alternative that at least one of them is dephos-
phorylated by CPL1.With the help of Phos-tag, a compound that
decreases the mobility of phosphorylated proteins in polyacryl-
amide gels (Kinoshita et al., 2004), we detected two different
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Figure 3. Colocalization of miRNA Biogenesis Factors
(A) Nuclear localization of eGFP-tagged CPL1 in mesophyll cells, expressed from endogenous regulatory sequences in cpl1-7 mutants.
(B) Colocalization of eGFP-CPL1 with fluorescently tagged DCL1, SE, and HYL1 in nuclear bodies of N. benthamiana cells.
(C) Co-IP assays. Lane 2 shows controls with material from se-3 (top), hyl1-2 (middle), and nontransgenic wild-type plants (bottom). All others are with material
from leaves of A. thaliana cpl1-7 transformed with Pro35S:CPL1-eGFP.
(D) BiFC assay in N. benthamiana cells. Upper and middle rows show different magnifications. Bottom row shows negative controls, with increased gain to
highlight cellular structures. EV, empty vector. White scale bars, 5 mm; gray scale bars, 50 mm.
See also Figure S3 and Table S1.phosphoisoforms of HYL1 but not of SE (Figure 5A and Fig-
ure S5A). The identity of the protein that reacted with the anti-
HYL1 antibody was confirmed with protein extracted from hyl1
mutants, and the phosphorylated status of the more slowly
migrating form of HYL1 was confirmed with lambda protein
phosphatase. Notably, in cpl1-6 and cpl1-7 mutants, only the
phosphorylated form of HYL1 was found (Figure 5A). In material
that coimmunoprecipitated with eGFP-CPL1, the hypophos-
phorylated form of HYL1 was enriched, supporting the role of
CPL1 as a HYL1 phosphatase (Figure 5A).
The finding that CPL1 dephosphorylates HYL1 raised the
question of whether processing accuracy and strand selection
are affected by the phosphorylation status of HYL1 activity,
which could explain some of the defects seen in cpl1 mutants.
We therefore generated versions of HYL1 that mimicked either
the phosphorylated form or that could no longer be phosphory-
lated. The NetPhos 2.0 algorithm (Blom et al., 1999) predictedseven serine residues in and around the two DRBMs as potential
phosphorylation sites (Figure S5B). To mimic unphosphorylated
HYL1, we replaced all seven serine with alanine codons. To
mimic fully phosphorylatedHYL1, wemutated all seven to aspar-
tate or glutamate codons.HYL1 cDNAs encoding either the wild-
type or mutant versions were linked to the HYL1 promoter and
transformed into hyl1 mutants. All transgenes were expressed
at similar levels, but only the wild-type protein and the alanine
mutant complemented the hyl1 phenotype and restored miRNA
production (Figure 5B and Figures S5C–S5F). By mutating
individual serine codons, we identified the highly conserved
S42, located in the first DRBM of HYL1, and S159, located in
the second DRBM, as particularly important for HYL1 function
(Figure 5B) (Lesicka-Go´recka et al., 2008). Moreover, we de-
tected HYL1-containing nuclear bodies in cells transformed
with eGFP-tagged versions of the hypophosphorylation mimic,
but not with the hyperphosphorylation mimic (Figure S5G),Cell 151, 859–870, November 9, 2012 ª2012 Elsevier Inc. 863
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Figure 4. Indirect Interaction of HYL1 and CPL1
(A) Yeast two-hybrid assay. AD, GAL4 activation domain fusions; DB, GAL4
DNA binding domain fusions; -LT, medium without leucine and tryptophan;
-LTH, without leucine, tryptophan and histidine. Serial 1:10 dilutions are
shown.
(B) Yeast three-hybrid assay, with the additional omission of uracil (-LTU
and -LTUH).
See also Figure S4 and Table S1.suggesting that phosphorylation of the DRBMs alters HYL1
recruitment to the processing complex. We also introduced
mutant HYL1 versions into cpl1 mutants. Only the hypophos-
phorylation mimic partially suppressed increased reporter
activity (Figure 5C), improvedmiRNA accumulation, and restored
normal morphology (Figures S5H and S5I), consistent with
increased HYL1 phosphorylation as cause of the cpl1 mutant
phenotype. We found that the hypophosphorylated form of
HYL1 was reduced in se mutants, in support of a role of SE as
a scaffold for the HYL1 dephosphorylation by CPL1 (Figure 5D).
The results presented so far suggested that serine phosphor-
ylation reduces HYL1 activity. Although even the version in which
seven serines had been replaced still appeared to contain phos-
phate groups (Figure 5E), hypophosphorylated HYL1 was not
detected when the constructs were introduced into the cpl1-7864 Cell 151, 859–870, November 9, 2012 ª2012 Elsevier Inc.background (Figure 5F), suggesting that phosphorylation of
other residues in HYL1 is also CPL1 dependent. To identify
such additional phosphorylation sites, we purified HYL1 and per-
formed TiO2 phosphopeptide enrichment followed by mass
spectrometry. We identified the peptide EAAFGSVETEK as
being phosphorylated. The reference allele of HYL1 encodes
a protein with six tandem repeats of this peptide at the carboxy
terminus, facilitating the detection of this peptide (Figure 5G).
Rescue experiments with truncated HYL1 versions have indi-
cated that these repeats are only of minor importance for miRNA
processing (Wu et al., 2007). In agreement, we found that the
number of repeats varies greatly between Arabidopsis thaliana
accessions and between A. thaliana and its relatives (Figure 5G).
The effects of the phosphomutant versions of HYL1 indicated
that CPL1-mediated dephosphorylation was required for full
HYL1 activity, although all cpl1 alleles were phenotypically less
aberrant than hyl1 mutants (Figure 6A). One potential explana-
tion was redundancy of CPL1 with its close homolog CPL2
because cpl1 cpl2 double mutants are embryonic lethal (Koiwa
et al., 2004). Plants that were homozygous for cpl2-2 and hetero-
zygous for our strongest allele, cpl1-7, were more similar to hyl1
mutants than to cpl1-7 single mutants in stature, LUC activity,
and miRNA accumulation (Figures 6B–6D and Figure S6A).
These plants also had slightly lower pri-miRNA levels than cpl1
single mutants (Figure 2G), perhaps reflecting an additional
role of CPL1 and CPL2 in pri-miRNA transcription. Further
evidence for CPL1 andCPL2 proteins acting in the same process
came from the observation that our strongest allele cpl1-7 has
a nonsynonymous substitution in the phosphatase domain (Fig-
ure 1C). We speculate that the mutant protein blocks access of
CPL2 to the processing complex, this would be similar to other
cases of cryptic redundancy between closely related enzymes
(Madhani et al., 1997). To determine whether CPL1 and CPL2
might also affect processes downstream of miRNA processing,
we analyzed miRNA that coimmunoprecipitated with AGO1.
There was no evidence for differential AGO1 loading of miR160
or miR319 in cpl mutants (Figure S6B).
Only a small fraction of miRNA targets is robustly upregulated
in seedlings or adult plants when components of the plant micro-
processor are compromised (Allen et al., 2005; Peragine et al.,
2004; Ronemus et al., 2006). RNA-seq confirmed that many
miRNA targets that are increased in hyl1-2 or se-3 mutants are
also elevated in cpl1-7/+ cpl2-2 plants (Figures 6E–6G). In agree-
ment with CPL1/2 having additional functions outside of miRNA
biogenesis (Koiwa et al., 2004), more genes were affected in
cpl1-7/+ cpl2-2 than hyl1-2 and se-3 mutants (Figure S6C). A
potential role of CPL1 as a transcriptional repressor (Xiong
et al., 2002) was not supported by our data because a similar
number of genes was up- or downregulated in cpl1-7/+ cpl2-2
plants (Figure S6C).
DISCUSSION
In animals, there is increasing evidence for posttranscriptional
regulation of miRNA biogenesis (Michlewski et al., 2008;
Siomi and Siomi, 2010; Suzuki et al., 2011; Viswanathan et al.,
2008). Similarly, that the processing efficiency of some
plant pri-miRNAs varies between environments and tissues
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Figure 5. Requirement of CPL1-Dependent Dephosphorylation for
HYL1 Activity
(A) Phosphoprotein mobility shift gels probed with anti-HYL1 antibody. The
different forms of HYL1 are indicated between the panels. Left: protein
extracts treated with LPP and resolved in polyacrylamide gels with 50 mM
Phos-tag or without. Twice the amount of protein was loaded for cpl1-6 and
cpl1-7 in the Phos-tag gels, to highlight the reduction in the faster migrating,
hypophosphorylated form of HYL1. Bottom shows tubulin as loading control.
Right p: identification of HYL1 fractions that co-IP with CPL1. Ratios between
the hyper- and hypophosphorylated forms are given on top. The secondary
antibody used for the IP, which also reacts with the secondary antibody used
for the protein blot, is indicated with a red asterisk.
(B) Fifteen-day-old plants. S > D, S > E, or S > A indicates mutation of seven
serine codons in HYL1. Scale bar, 1 cm.
(C) Bioluminescence of reporter lines transformedwithHYL1phosphomutants.(Laubinger et al., 2010; Nogueira et al., 2009; Reyes and Chua,
2007) and that not all components of the plant microprocessor
are essential for viability (Lobbes et al., 2006), points to posttran-
scriptional regulation of plant miRNAs as well. A disincentive to
identifying additional miRNA factors by forward genetics has
been that manymutants will simply have lesions in genes encod-
ing known microprocessor components. This problem is com-
pounded by the long coding regions of genes such as DCL1
and SE, which make them large mutagenesis targets. Here, we
have demonstrated that with fast-forward genetics tools, muta-
tions in known factors can be quickly weeded out, so that one
can focus on new loci. The rapid one-stepmapping andmutation
identification also obviates standard allelism tests, which are the
more cumbersome the more mutants are recovered. As of the
date when this article was written (March 2012), one can
sequence close to 100 F2 mutant A. thaliana populations in
a single Illumina run at a cost of not much more than 100 US
dollars per mutant line. Our strategy was further enhanced by
the rapid phenotyping enabled by the LUC reporter system. An
additional advantage of such a quantitative system is that it
supports the identification of mutants with relatively subtle
morphological phenotypes, as is the case for cpl1 mutants.
We recovered three alleles of CPL1/FRY2, previously only
known to affect stress-regulated gene expression through an
unknown mechanism (Koiwa et al., 2002; Xiong et al., 2002).
We have shown that interaction of the DRBM-containing protein
CPL1 with the dsRNA binding protein HYL1 is mediated by the
zinc finger protein SE and that full HYL1 activity requires
CPL1-dependent dephosphorylation. The dual roles of HYL1 in
ensuring both accurate and efficient miRNA processing can be
uncoupled (Liu et al., 2012a). Because the mutant phenotype
indicates that CPL1 primarily affects miRNA processing accu-
racy, it appears that phosphorylation is particularly important
for this activity of HYL1.
The behavior of HYL1 mutant proteins that mimic the phos-
phorylated form suggests that phosphorylation alters localiza-
tion of HYL1 in nuclear bodies. In animals, phosphorylation
affects activity of the DRBM-containing HIV TAR RNA binding
protein (TRBP), which enhances the action of Dicer (Chendri-
mada et al., 2005; Haase et al., 2005; Lee et al., 2006; Paroo
et al., 2009). However, in this case, phosphorylation is outside
the DRBMs, and it positively regulates TRBP function.
In other species, CPL homologs promote mRNA processing
by dephosphorylating the serine-rich CTD of RNA polymerase
II (Ahn et al., 2004; Licatalosi et al., 2002). In A. thaliana, the
effects of mutations in CPL1/FRY2 or its homolog CPL2 on
stress-induced gene expression (Koiwa et al., 2002; Ueda
et al., 2008; Xiong et al., 2002) are not easily explained bymiRNA
action alone, pointing to additional roles of CPL1 and CPL2 as
well. This is consistent with cpl1 cpl2 double mutants dying as
embryos, whereas hyl1 mutants survive to adulthood (Koiwa(D–F) Phospho-protein mobility shift gel with material frommutant, transgenic,
and control plants. Upper: HYL1; lower: Coomassie stain.
(G) Diagram of HYL1 structure inA. thaliana accessions,Arabidopsis lyrata and
Brassica napus. Brown boxes indicate phosphorylated peptides in the 28
amino acid repeats detected by mass spectrometry.
See also Figure S5 and Table S1.
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Figure 6. Genetic Interaction of CPL1 and CPL2
(A) Twenty- (left) and 30-day-old (right) plants. Scale bar, 2 cm.
(B) Expression of accurately processed miRNAs, as measured by qRT-PCR. Error bars indicate 2 3 SEM.
(C) Fifteen-day-old plants. Scale bar, 1 cm.
(D) RNA blots for detection of miRNAs with U6 as loading control. Signal intensity was calculated with ImageJ and normalized to U6. Relative expression is given
with Col-0 wild-type as reference.
(E) Differentially regulated transcripts.
(F) Upregulated miRNA targets (common change 2-fold, p < 0.01). ‘‘AT’’ in front of the gene identifiers has been omitted.
(G) Comparison of differentially expressed genes in different backgrounds.
See also Figure S6 and Table S2.et al., 2004; Lu and Fedoroff, 2000). A potential link to mRNA
transcription is provided by the interaction of CPL1 with SE,
which is required for both mRNA splicing and miRNA processing
(Dong et al., 2008; Kim et al., 2008; Laubinger et al., 2008;
Lobbes et al., 2006; Yang et al., 2006). SE homologs interact866 Cell 151, 859–870, November 9, 2012 ª2012 Elsevier Inc.with the cap binding complex, which binds to the 50 cap of
mRNAs following the action of capping enzymes (Gruber
et al., 2009; Sabin et al., 2009). In Saccharomyces cerevisiae,
dissociation of capping enzymes from the transcriptional
elongation complex is promoted by the CPL1 homolog Fcp1
desphosphorylating the CTD (Schroeder et al., 2000). The dual
roles of several factors, including CPL1/CPL2, SE, and the cap
binding complex, in both mRNA maturation and miRNA biogen-
esis point to a coupling between pri-miRNA transcription and its
subsequent processing. In S. cerevisiae, there are alternating
cycles of phosphorylation and Fcp1-dependent dephosphoryla-
tion of the CTD of RNA polymerase II. The change in phosphor-
ylation status in turn alters the association of CTD with other
factors, supporting termination of elongation and reinitiation of
transcription (Cho et al., 2001). A similar, phosphorylation-
dependent recycling maybe envisioned for HYL1.
Alternatively, that hyperphosphorylated HYL1 is easily de-
tected could indicate that there is a substantial reservoir of inac-
tive HYL1. One situation where such a reservoir might be drawn
upon is during seed germination. As long as seeds are dormant,
high levels of the hormone ABA prevent germination. Several
miRNAs are ABA-inducible (Jia et al., 2009; Shen et al., 2010),
and dcl1, hyl1, se, and cpl1 mutants are all ABA hypersensitive
(Bezerra et al., 2004; Koiwa et al., 2002; Lu and Fedoroff, 2000;
Xiong et al., 2002; Zhang et al., 2008), presumably reflecting
reduced accumulation of miRNAs that are positively regulated
by ABA. Transcription-independent regulation of HYL1 could
provide a convenient means for the dormant seed to quickly
respond to a changing environment, by phosphorylating HYL1
and relieving ABA-mediated repression of germination. Alter-
nately, hyperphosphorylated HYL1 may have functions beyond
miRNA biogenesis, because HYL1 protein is also found outside
of the nucleus (Figure S5G). Such additional functions for core
microprocessor components are not unprecedented (Khraiwesh
et al., 2010; Liu et al., 2012b).
The roles of HYL1 in efficient and accurate miRNA processing
and probably miRNA strand selection can be uncoupled (Liu
et al., 2012a). Our results suggest that disruption ofCPL1-depen-
dent dephosphorylation of HYL1 alone more strongly affects
miRNA processing accuracy and strand selection than overall
miRNA accumulation. Changes in miRNA levels become much
more apparent in the cpl1/+ cpl2 double mutants, suggesting
that differential phosphorylation fine-tunes HYL1 activity.
EXPERIMENTAL PROCEDURES
Plant Material
Plants were grown on soil at 23C or MS plates with 0.4% agar in 16 hr light/
8 hr dark. ago1-27, cpl2-2, hyl1-2, rdr6-12, and se-3 mutants have been
described (Grigg et al., 2005; Koiwa et al., 2004; Morel et al., 2002; Peragine
et al., 2004; Vazquez et al., 2004).
Mutant Screen and Luciferase Assay
M2 seeds were assayed for LUC activity 5 days after germination with an Orca
2-BT cooled CCD camera (Hamamatsu Photonics, Hamamatsu, Japan). M3
plants were crossed to accession Ler-1, genomic DNA was extracted from
mutant F2 pools and sequenced on an Illumina GAIIx (Illumina, San Diego,
CA). SHOREmap v2.0 (Schneeberger et al., 2009) was used to localize and
identify extended regions with maximal ratio of Col-0/Ler-1 reads. Candidate
mutations were identified as EMS-typical C:G > T:A transitions predicted to
cause nonsynonymous substitutions.
Transgenes
See Table S1 for a detailed list of constructs, names, and descriptions.
pGREEN was used as transformation vector (Figure S1A). MiR-LUC wasdesigned with WMD3 (http://wmd3.weigelworld.org/) (Table S2) (Ossowski
et al., 2008). For A. thaliana, at least 15 T2 independent lines were analyzed
for each construct. Infiltration of N. benthamiana leaves for transient expres-
sion was as described (de Felippes and Weigel, 2010).
RNA Analysis
We performed quantitative RT-PCR by using biological triplicates and tech-
nical duplicates with RNA extracted from 15-day-old seedlings. Replicates
were treated as independent samples. Averages and SEM were calculated
from 2-DDCt values. p values of less than 0.05 in a t test with Bonferroni’s
correction were considered significant. Mature miRNAs were quantified by
qRT-PCR (Varkonyi-Gasic et al., 2007). MiRNA-induced cleavage products
were detected with RNA ligase-mediated 50 RACE (Llave et al., 2002). See
Table S2 for oligonucleotide primers and probes.
Illumina sequencing and analysis of duplicate small RNA libraries from
21-day-old rosette leaves were as described (de Felippes et al., 2011). For
each miRNA locus, normalized coverage was calculated with 18- to 24-nucle-
otide-long sRNA reads for 20 base pairs on each side of the mature miRNA
sequence and concatenated. Using R (http://www.r-project.org), we calcu-
lated the pairwise Manhattan distances for the obtained vectors and used
them to perform hierarchical clustering. To evaluate processing accuracy,
we calculated the ratio of mutant/wild-type misprocessed miRNAs for each
combination. Hairpin misprocessing was calculated as the ratio between the
reads mapping to the miRNA precursor and those exactly mapping the canon-
ical miRNA. Only highly expressed miRNAs (at least 15 reads in each replicate)
were considered for the analysis. RNA-seq with RNA from 15-day-old seed-
lings was as described (Becker et al., 2011).
Microscopy
Stably transformed A. thaliana plants or N. benthamiana leaves 3 days after
infiltration were imaged on a TCS SP2 confocal microscope (Leica, Solms,
Germany).
Protein Analyses
For co-IP (Isono and Schwechheimer, 2010), we used GFP-Trap (ChromoTek,
Planegg-Martinsried, Germany) and antibodies against HYL1 (Agrisera,
Va¨nna¨s, Sweden), AGO1 (Agrisera), and SE (this study; validated with se
mutants). Fluorescent protein fusions were detected with a GFP antibody
(Abcam, Cambridge, UK). Proteins were extracted from 300 mg ground tissue
with 300 ml extraction buffer (50 mM Tris [pH 7.5], 150 mM NaCl, 1 mM EDTA,
10% [v/v] Glycerol, 1 mM DTT, 1 mM Pefablock, and one tablet Complete
Protease Inhibitor Cocktail [Roche]). Phosphoisoforms were separated in
gels with 50 mM Phos-Tag (Wako Chemicals, Neuss, Germany) and 100 mM
MnCl2. Standard wet tank transfer was used for Phos-tag gels, semidry blot-
ting for other gels. a-tubulin, detected with a monoclonal antibody (Sigma),
served as loading control. Yeast two-hybrid assays were performed with the
ProQuest Two-Hybrid System (Life Technologies). To reduce autoactivation
of CPL1, 80 to 120 mM of 3-AT (3-amino-1,2,4-triazole) was added to the
selection medium. For three-hybrid assays, we used ProQuest clones for
HYL1 and CPL1 plus SE expressed from a pYES-Dest52 vector (Life Technol-
ogies). Fusions to the N-terminal and C-terminal fragments of citrinewere used
for BiFC assays (Kerppola, 2006).
Mass Spectrometry
eGFP-taggedHYL1was isolated fromN. benthamiana leaves. Three days after
infiltration, leaves with high levels of the fusion protein were selected under an
MZ FLIII Fluo Combi stereomicroscope (Leica) and frozen in liquid nitrogen.
Total protein was extracted with 2:1 v/w of extraction buffer (50 mM Tris-
HCl [pH 7.5], 150 mM NaCl, 0.1% Triton X-100, 0.2% Nonidet P-40, 1 3
Complete Protease Inhibitor Cocktail [Roche], 1 mM Pefablock, and 2 v Phos-
STOP [Roche]). eGFP-tagged HYL1 was purified with GFP-Trap (ChromoTek)
and resolved in a NuPAGENovex 10%Bis-Tris Gel (Life Technologies). A small
fraction was transferred to a membrane for blot detection of the HYL1-eGFP
band, and the rest was stained with Colloidal Blue (Life Technologies). Protein
was in-gel digested with trypsin (Borchert et al., 2010). Acetonitrile was added
to a final concentration of 30% and pH was adjusted to pH 2 to 3. Enrichment
of phosphopeptides by TiO2 chromatography was as described (Olsen andCell 151, 859–870, November 9, 2012 ª2012 Elsevier Inc. 867
Macek, 2009). Phosphopeptides were analyzed on a Proxeon Easy-LC system
(Proxeon Biosystems, Dreieich, Germany) coupled to an LTQ-Orbitrap-XL
(Thermo Fisher Scientific, Dreieich, Germany) equipped with a nanoelectros-
pray ion source (Proxeon Biosystems, Denmark) (Koch et al., 2011). The five
most intense precursor ions were fragmented by activation of neutral loss
ions at 98, 49, and 32.6 relative to the precursor ion (multistage activa-
tion). Mass spectra were analyzed with MaxQuant v1.0.14.3 (Cox et al.,
2009). Masses were compared with a target-decoy A. thaliana database
(ipi.ARATH.v3.82). Spectra of modified peptides were manually validated.ACCESSION NUMBERS
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RNA-seq data sets reported in this paper are ERP001616 and ERP001622.SUPPLEMENTAL INFORMATION
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